Introduction
This study reports the osmotic coefficients of {xH 2 The oxidation of sulfide minerals can generate significant amounts of acid. Although the process is a complex one, there is general agreement that one of the important reactions is the abiotic oxidation of pyrite by aqueous ferric iron [1] . 
parameters for the Fe 2 (SO 4 ) 3 -H 2 O system. These measurements utilized sulfuric acid as a reference solution and exhibited large discrepancies with previous work on the Fe 2 (SO 4 ) 3 -H 2 SO 4 -H 2 O system [22] . The present study is significant for three reasons. 1) The measurement of isopiestic data at 323.15 K will allow extension of the Pitzer ion-interaction treatment to solutions existing at temperatures typical of many acid-rock drainage systems.
2) The discrepancy between the values published in the two previous studies [21, 22] can be resolved.
3) The current study uses aqueous NaCl as a reference solution for many of the experiments and therefore provides a check on the consistency and accuracy of the results.
Experimental

Materials
Water used in the preparation and standardization of solutions was passed through a Barnsted triple-stage-deionizing unit capable of producing water with a resistivity of 0.18 M ·m. A total of four different solutions were prepared: a (0.99945 ± 0.00021) mol·kg −1 sodium chloride standard solution, a (0.51457 ± 0.00015) mol·kg −1 sulfuric acid standard solution, and two different {xH 2 SO 4 + (1−x)Fe 2 (SO 4 ) 3 }(aq) solutions where the mole fraction of sulfuric acid, x, was either 0.83424 or 0.74950. These latter two solutions will be referred to as Test Solution 1 and Test Solution 2, respectively ( Table 1) .
The sodium chloride (Fisher Scientific, ACS reagent grade) solution was prepared as described by Dickson et al. , [23] purged with argon under acidic conditions to remove carbon dioxide and standardized using the ion exchange/potentiometric titration analysis method. The sulfuric acid solution (EM Science) was used as purchased after standardization by potentiometric and gravimetric techniques.
Test Solution 1 was prepared from iron metal (J.T. Baker), sulfuric acid (J.T. Baker Ultrex II, ultra pure reagent), hydrogen peroxide (EM Science) and purified water. Test Solution 2 was made by combining iron(III) sulfate (Baker and Adamson Allied chemical reagent) sulfuric acid (J.T. Baker Ultrex II, ultra pure reagent) and purified water. Both solutions were filtered individually using 0.22-µm Nylon filters (Fisher Scientific). The sulfate concentration in both solutions was measured using the same gravimetric method as for the sulfuric acid standard solution ( Table 1) . The total iron concentration in both solutions was obtained by coulometric and potentiometric techniques ( Table 1 ). The total hydrogen ion concentrations in Test Solutions 1 and 2 were obtained through mass-balance calculations (Table 1) .
Apparatus
The isopiestic experiments were performed with the apparatus described originally by Rush et al. [24] with modifications noted by Clegg et al. [11] . Briefly, the isopiestic apparatus comprises a Plexiglass chamber containing a gold-plated copper block, which provides a uniform temperature buffer. The copper block holds twelve cups arranged around the circumference. The test and standard solutions are contained in platinum cups fitted tightly with chlorotrifluoroethylene (KELF) lids. The cups are threaded into recesses in the block to facilitate heat exchange. The inner walls of the cups are lined with platinum screens to increase the surface area of solution exposed to the atmosphere inside the chamber, which rotates at an angle such that the screens are continually wetted. The chamber is completely Table 1 ).
The following steps summarize the experimental procedure and sampling process. 1) After initially weighing the cups as described above to ascertain the mass of the initial solutions, the cups were fitted into the copper block inside the chamber. 2) The chamber was closed and evacuated to remove air and promote solvent distillation. 3) The lids were then raised using an internal hoist, the chamber was immersed in the water bath, tilted at an angle of ca.
15
• to horizontal, and rotated at 30 rpm to accelerate the equilibration process. Equilibrium was achieved by distillation of solvent from solutions with high water activity to solutions with low water activity until the activity of water was the same for all the solutions within the system. 4) Measurements were made by weighing the cups periodically (sampling). The chamber was removed from the water bath and the lids were lowered immediately to prevent solvent evaporation. Ultra-pure nitrogen (99.999%) was bled into the chamber through vents located around the underside of the chamber lid so that the chamber lid could be removed. The capped cups were then placed on a metal tray to facilitate thermal equilibration to room temperature whereupon the cups were weighed. 5) Steps 2 through 4 were repeated after either adding a known mass of purified water to the center of the block or removing a known mass of condensed vapor from the sealed chamber during evacuation to obtain a different set of compositions at lower or higher concentrations, respectively. 6) Finally, the temperature of the water bath was increased from 298.15 to 323.15 K or the cups were removed from the chamber to conclude the experiment and a new experiment was initiated.
The weighing process (sampling) was repeated periodically at both temperatures, allowing the system to equilibrate between sampling episodes. The time allowed for the system to reach equilibrium ranged from 2 to 4 weeks at 298.15 K whereas the time allowed for equilibration ranged from 1 to 4 weeks at 323.15 K. That the system attained isopiestic equilibrium could only be ascertained after weighing the cups and calculating the new solution compositions. The system was considered to be at equilibrium if the value of a w among the different standard solutions in the system agreed to within 0.1%. A discrepancy between the sodium chloride concentrations in the two standard cups was considered to be evidence of precipitate formation in one of the cups. Precipitates were re-dissolved by the addition of water to the system. Five different experiments were performed and they are referred to as Experiments 1, 2, 3, 4 and 6. Experiments 1, 2, and 3 were conducted using both sodium chloride and sulfuric acid as reference standards. Thus four of the cups (cup numbers 1, 2, 7, and 8) were occupied with standard solutions, whereas the remaining eight cups were filled with test solutions. Experiment 4 used aqueous sodium chloride as the only reference standard; and Experiment 6 utilized aqueous sulfuric acid as the only reference standard. In these latter two experiments two of the cups (cup numbers 1 and 7) were occupied with standard solutions whereas the remaining ten were filled with test solutions. The mole fraction of sulfuric acid (x) and the initial total sulfate, iron(III) and hydrogen ion concentrations in each test cup are presented in Table 1 . All measurements of mass were corrected for solution buoyancy. Densities of the sulfuric acid and sodium chloride standards were calculated using published relations [25] . The densities of Test Solutions 1 and 2 were measured to be 1.1488 ± 0.0010 g·cm −3 and 1.2620 ± 0.0015 g·cm −3 , respectively and were assumed to be independent of temperature from 295 to 325 K.
Results
The activity of water, a w , is related to the solution stoichiometric osmotic coefficient, φ S , by the relationship,
where M w is the molar mass of water (18.015 g·mol −1 ) [26] , v i is the stoichiometric ionization number of electrolyte i (v i = 2 for sodium chloride, 3 for sulfuric acid, and 5 for iron(III) sulfate) and m i is the stoichiometric molal concentration of electrolyte i. At isopiestic equilibrium, the value of a w is the same in all solutions. Tables 2 and 3 . These tables are arranged such that the results of each measurement (sample) are grouped. The heading for each block of data indicates the experiment number, the sample number and the value of a w calculated for that particular equilibration. The value of a w listed in the heading is the arithmetic mean of the individual values of a w calculated for each of the standard solutions. The first values listed in each block of data are those for the standard solutions. The cup number of each standard is listed with a subscript indicating the identity of the standard solute; thus, the column labeled " [Std] " displays the concentration of the designated standard solute. The columns labeled a w and φ Std present the individual values for the activity of water and the stoichiometric osmotic coefficient, respectively, for the standard solutions in the designated cups. The lower portion of each block of data comprises the identification numbers for the test cups, the concentration of iron(III) sulfate and sulfuric acid in the test solution at equilibrium, and the value of φ S calculated for the test solution (Tables 2 and 3 (Tables 2 and 3) .
Values of φ S were calculated for each test solution using each set of standards. One value of φ S was calculated using the value of φ Std obtained by averaging the individual φ Std values calculated for the sodium chloride standard solutions whereas another was calculated using the average value of φ Std obtained for the sulfuric acid standard solutions. When both sets of standards were available, these two different values of φ S agreed to within 0.1% and were averaged to produce the test solution φ S values reported in Tables 2 and 3 .
The system achieved isopiestic equilibrium prior to each of five sampling episodes at 298.15 K during Experiment 1 as indicated by values of a w that agreed to within 0.01% (Table 2) . One of the cups containing the sulfuric acid standard solution (x = 1.00000) lost some solution on the last sampling episode and the experiment was terminated. The value of φ S for the test solutions was, therefore, calculated using the arithmetic average of the values of φ Std obtained from the sodium chloride standards only on that sampling event.
During Experiment 2, the system reached isopiestic equilibrium on four of the five sampling episodes. The system did not equilibrate prior to the first sampling episode, but the values of a w agreed to within a 0.1% for the other four sampling episodes (Table 2) . On the last sampling event, the cup filled with a test solution of x = 0.83423 lost its lid and no φ S calculation for that particular test solution was performed.
Experiment 3 was conducted at 298.15 and 323.15 K. The system reached isopiestic equilibrium on eleven of the twelve sampling events at 298.15 K and on six of the seven at 323.15 K. The values of a w for these standard solutions agreed to within 0.008% at 298.15 K (Table 2 ) and 0.01% at 323.15 K ( Table 3 ). The system did not reach equilibrium in one of the sampling episodes at both temperatures due to the formation of a precipitate in one or more cups.
Experiment 4 was also conducted at 298.15 and 323.15 K. Isopiestic equilibrium was achieved by the system on seven of the eight sampling episodes at 298.15 K and for all the sampling events at 323.15 K. Sodium chloride was the only reference standard used in this experiment and the values of a w for the standard solutions (Tables 2 and 3 ) are in good agreement with the greatest discrepancy being 0.01%. One sampling interval of this experiment did not reach equilibrium due to the formation of a precipitate in one of the Springer Fig. 2 Isopleths of a W for Fe 2 (SO 4 ) 3 -H 2 SO 4 -H 2 O solutions at 298.15 K calculated using the Zdanovskii rule. Open circles are used for clarity where isopleths are spaced closely cups. As in Experiment 3, the addition of water allowed the system to reach equilibrium on subsequent sampling episodes.
Experiment 6 was performed at 298.15 K using sulfuric acid as the reference standard. In this experiment, the system reached isopiestic equilibrium prior to eleven sampling episodes with values of a w agreeing to within 0.001%. The cup filled with a test solution, in which x = 0.83423, lost solution on the ninth sampling episode and was not considered in subsequent sampling episodes. 
Discussion
Discussion of the data reported here will be brief. These data were collected as part of a larger effort to examine FeO-Fe 2 O 3 -SO 3 -H 2 O solutions. Measurements of the osmotic coefficients of iron(II) sulfate solutions are underway; those values will be combined with the data presented here to generate a comprehensive activity model for iron(II)----iron(III) sulfate solutions. It is, however, possible to assess the quality of the data presented here and to compare some of these results with experimental results published previously. Experiments 1 to 3 utilized both NaCl and H 2 SO 4 standard solutions so that the data can be assessed by comparing the results obtained for the H 2 SO 4 -H 2 O reference solutions to the model published by Clegg et al. [17] . Figure 1A displays the value of φ S of the sulfuric acid standard solutions in Experiments 1 to 3 as calculated using the φ Std value calculated for the sodium chloride standard solutions only, plotted against the concentration of the sulfuric acid reference solutions. Also plotted on Fig. 1A is the relation between the value for the stoichiometric osmotic coefficient for aqueous sulfuric acid solutions and concentration that was used in this study [17] . These values are in excellent agreement at concentrations of sulfuric acid below 1.5 mol·kg −1 at temperatures of 298.15 K and 323.15 K. Although the two systems begin to deviate at higher sulfuric acid concentrations, the agreement is considered to be sufficiently close that either standard is suitable in these experiments. Recently published isopiestic measurements in the Fe 2 O 3 -SO 3 -H 2 O system [21] utilized sulfuric acid standard solutions but relied on a different model published by Rard et al. [19] for calculating the osmotic coefficient of these solutions. In order to compare the Clegg et al. [17] model with that of Rard et al. [19] , the values of φ Std calculated for the sulfuric acid standard solutions in this study are compared with the model of Rard et al. [19] (Fig. 1B) here should be comparable to those obtained in the earlier effort [21] . Finally, the values of φ S of the sulfuric acid standards in Experiments 1 to 3 calculated from the values of φ Std for the sodium chloride standard solutions can be compared with the Rard et al. [19] model used in the recent publication [21] . The agreement is again excellent for those sulfuric acid concentrations less than 1.5 mol·kg −1 with slight deviations at higher concentrations (Fig. 1C) .
These data generally follow the Zdanovskii rule [27] which demands that for any unique value of a w ,
where m i denotes the molal concentration of component i in the solution, whereas M i denotes the molal concentration of component i in an end-member solution that has the same activity of water as the mixture. The values obtained in this work can, therefore, be used to draw isopleths of a w in concentration space (Figs. 2 and 3) . Although for the Zdanovskii rule linearity holds only for solutes with the same charge types [28] , the deviations from linear behavior observed in H 2 O-H 2 SO 4 -M 2 (SO 4 ) 3 systems are typically small [21, 22, 29, 30] and the concentrations of Fe 2 (SO 4 ) 3 required to produce requisite values of a w could be calculated using first-order equations regressed to the data in Figs. 2 and 3 . This approach was taken by Majima and Awakura [22] in an earlier isopiestic study of solutions in this same system. In contrast, Rumyantsev et al. [21] extended experimental measurements in this system through regions of supersaturation and fitted the data to second-order equations.
The estimated values of a w as a function of concentration in the Fe 2 (SO 4 ) 3 -H 2 O binary system obtained in this study, assuming Zdanovskii rule linearity, differ significantly from those obtained by Majima and Awakura [22] (Fig. 4) . Rumyantsev et al. [20] also reported Fig. 5 Comparison of values of a W for the Fe 2 (SO 4 ) 3 -H 2 O binary system calculated in this study compared with those obtained by first-order regression of data published by Majima and Awakura [22] and Rumyantsev et al. [21] a significant discrepancy between the calculated concentration of Fe 2 (SO 4 ) 3 (Fig. 4) . The values presented here are, however, in general agreement with those presented by Rumyantsev et al. [21] (Fig. 5) . The values of a w presented in Fig. 5 were obtained by regressing the Rumyantsev et al. data using a first-order equation (viz, assuming that the data followed the Zdanovskii rule linearity) and are not those presented in the original work. Those values [21] were collected over very wide ranges of xH 2 SO 4 (0.9 to 0.04), the extrapolations to the Fe 2 (SO 4 ) 3 -H 2 O binary system were short, and significant deviations between the first-and second-order extrapolations appear only at values of a w less than 0.82. Significant differences between the values of a w for the Fe 2 (SO 4 ) 3 -H 2 O binary system calculated in this study and those obtained by first-order extrapolation of the Rumyantsev et al. data also appear only at the highest concentrations examined (Fig. 5) . Although the values presented in Fig. 5 are useful in comparing and evaluating the three set of isopiestic values, they should not be considered to be accurate measures of the thermodynamic properties of pure aqueous Fe 2 (SO 4 ) 3 ; the Zdanovskii rule linearity strictly holds only for solutes of similar charge types [28] . The approach is also likely to generate significant errors for the data collected at high concentrations as long extrapolations to the Fe 2 (SO 4 ) 3 -H 2 O binary system are required for the data collected in this study. The comparison does confirm that the results of this study and those of Rumyantsev et al. [21] are in good general agreement.
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